One month's worth of POLAR UVI data were subjected to a ''blob'' analysis to determine the statistical dynamics of substorm features observed in the LBHL band (152-188 nm). Adapted from similar DoD analyses of target images, the analysis consists of finding, on a frame-by-frame basis beginning at substorm onset, the following aspects of an individual auroral feature: peak power (i.e., power of precipitating electrons), total power, centroid location (MLT and mlat), and speed of centroid. Over 120 individual auroral features were successfully acquired at onset and tracked until dissipation during January 1997. The power in the peak pixel and total power were random in time, but displayed transient spikes that lasted 5-10 minutes. Over the course of a substorm, the total energy of blobs averaged ~2.0x10 4 GJ. A histogram of these energies suggests no preferred energy but that lower energies were more common than higher energies. Analysis of the blob positional dynamics generally supports a poleward and westward movement.
Introduction
The dynamics of bright auroral features has always provided an important diagnostic for magnetospheric and ionospheric physics.
Classic substorm definitions by Akasofu [1964 Akasofu [ , 1968 and Rostoker et al. [1980] rely heavily on ordering specific auroral features such as brightenings, surges, and bulges.
According to the classic definition, an explosive increase in auroral luminosity in the midnight sector marks the beginning of an auroral substorm. A sequence of intensifications follow, each associated with a westward-traveling surge. The region of discrete aurora or bulge expands poleward and westward, eventually reaching a maximum latitude from which the disturbance begins to recover toward its pre-substorm location. Multiple surges could occur during the expansion phase, but the onset of a substorm must be the first such brightening. Based on ground observations and promulgated by Rostoker et al. [1980] , this scenario made no attempt to define substorm features in terms of luminosity threshold, duration, or specific location, although investigators did suggest that such quantifications would be possible using imagery from high-altitude satellites.
This dynamical picture was developed prior to the 1970's when there were no satellite images of the aurora. Effects such as small imager fields-of-view, visible wavelengths, clouds, and moonlight and daylight severely limited ground observations of auroral features. Images returned from the U.S. Air Force DMSP and the Isis 2 satellites substantially extended the understanding of global auroral morphology [e.g., Snyder et al., 1974; Lui et al., 1975] . However, the time 4 resolutions of images available from these satellites did not much improve knowledge of substorm dynamics.
Instruments on the Dynamics Explorer (DE) did improve the temporal resolution available from space [e.g., Frank et al., 1982] . Imagers on DE-1 provided near-global coverage of the auroral zone at a time resolution of ~12 minutes and extended imaging to the ultraviolet regime, which is less susceptible to background effects than the previous visible-wavelength imagers. Observations of a small substorm revealed an initial brightening along the auroral oval (the onset) and subsequent westward and poleward motions of intense, localized emission regions (surges). After onset, a second emission region developed adjacent to the first and expanded eastward. The sequence did not involve a rapid poleward motion of discrete auroral [Craven and Frank, 1985] . Case studies of auroral substorms of moderate intensity displayed many of the spatial and temporal patterns identified with the classical model of the auroral substorm: an onset occurring in the premidnight sector, an expansion of an auroral bulge along the oval and to higher (and lower) latitudes [Craven and Frank, 1987] . For some substorms, a westward traveling surge was not observed. When present, surges traveled at speeds up to several kilometers per second, while the latitudinal boundaries of the disturbed auroral region might move at speeds of up to one kilometer per second.
The ultraviolet imager on the Viking satellite furnished an even more interesting observation of an auroral substorm at a time resolution of ~1 minute.
Using Viking images, Rostoker et al. [1987] described an envelope or ''eye'' within which exist the disturbed aurora of the substorm. The envelope expanded both 5 eastward and westward as well as poleward. The poleward expansion was irregular, with maximum poleward expansion occurring at the same meridian as the center of the eye. Within the eye itself, discrete regions of enhanced luminosity developed, either to the east or west of existing regions. The authors equated such discrete regions with the westward traveling surges appearing in the classical description.
A number of other substorm case studies based on DE-1 and Viking images have appeared in the literature [e.g., Craven and Frank, 1991; Shepherd and Murphree, 1991; Hones et. al., 1991] . Generally, the observations support the notion of discrete brightenings beginning and propagating within the larger region of substorm luminosity. The DE and Viking analyses have quantified substorm dynamics by measuring speeds and intensities of auroral features on a case-by-case basis, but did not apply the quantifications in a statistical manner.
A new era of satellite observations has emerged with the POLAR imagers UVI and VIS. These instruments offer substantial improvements in speed and coverage over previous satellite imagers. In addition to the usual capabilities of UV imagers, the UVI sensor has a time resolution of ~36 seconds and a wavelength band useful for estimating the energy deposited by precipitating electrons that cause the aurora. This paper will refer colloquially to an extended auroral feature, the object of the analysis, as a ''blob.'' The blob consists of a region of auroral luminosity, projected onto an ellipsoid at an altitude of ~120 km and caused by precipitating electrons. We identify the blob with the envelope or ''eye'' of the auroral luminosity described by Rostoker et al. [1987] . In some cases, this envelope is also referred to as the auroral ''bulge'' of the classical substorm. A luminosity threshold condition determines the boundaries of the blob. The power and energy input from the precipitating electrons generating the blob luminosity can be estimated by integrating that luminosity within the blob boundaries. Within the blob appear one or more localized luminosity enhancements. These enhancements are conceptually the same as classical ''surges'' identified in ground observations. The initial location of the blob is defined by the peak in its luminosity at substorm onset, an event determined from UVI images themselves [Liou et al., 1999] . This initial peak is tracked, within the blob boundaries, until it dissipates or falls below threshold. 
Instrument and Dataset
The POLAR UVI instrument is described by Torr et al. [1995] . This study uses only data from the Lyman-Birge-Hopfield Long (LBHL, 155-188 nm) filter because of its efficacy in determining the energy input of precipitating electrons 8 that cause the aurora. Auroral intensity in Rayleighs is converted to power in watts using a simple multiplicative factor appropriate for UVI [Lummerzheim et al., 1997; Brittnacher et al., 1997] .
As pointed out succinctly by Frank et al. [1998] , the POLAR platform suffers from an unfortunate wobble that smears images during accumulation over the 36-second accumulation time of the LBHL data. Fortunately, this wobbling does not necessarily degrade the present blob analysis. Robust centroiding actually prefers a smeared-out point source (assuming the smearing is repeatable), and tracking devices may purposely smear point sources using defocusing to achieve the desired effect. Independent observations of point sources (stars) suggest that the smearing is elliptically symmetric and repeatable over the duration of several consecutive frames, so the centroiding should not be adversely affected by the wobble.
Smearing will lower the peak intensity, however, so this aspect is discussed only in terms of a relative intensity profile and not subjected to statistical analysis.
Each image frame has 200 x 228 pixels. Each pixel of each frame is first mapped to geographic latitude and longitude using an oblate spheroid model of the Earth [e.g., Liu, 1978] and its intensity is corrected for slant path by multiplication by the cosine of the observation angle relative to local vertical. In effect, this correction assumes plane parallelism of the atmosphere in the vicinity of a single pixel, which is a very good approximation. The approximation does break down, but only near the horizon where the zenith angle approaches 90°. (Blobs containing such ''horizon pixels'' are flagged and excluded from further processing.) The slant correction assumes that the LBHL emissions come from a thin layer at altitudes of 9 120 km and attempts to convert the emission to a nadir view local to each pixel.
Proceeding with additional geometric corrections would improve the accuracy of the track but would impose calculations so severe and time-consuming that we have not attempted them. The latitude and longitudes of the local pixel verticals are transformed to geomagnetic local time (in hours) and geomagnetic latitude (in degrees) using the AACGM (altitude-adjusted corrected geomagnetic) field model [Baker and Wing, 1989] . 
Blob Analysis Method
The blob method used here generally follows the approaches of standard image processing [e.g, Gonzales and Wintz, 1987; Jain, 1989] . In pixel coordinates, a ''blob'' is defined as a group of 8-connected rectangular pixels having intensities above a threshold intensity. As used here, ''8-connected" means that membership of a pixel in the blob is determined by its eight nearest neighbors. That is, if any of the eight sides or corners of a pixel touches the corner or side of another pixel in the blob, then the first pixel is considered a member in the blob. An edge pixel is defined to be a blob pixel with one or more nearest neighbor pixels having intensities below the threshold. The IDL programming language provides a function LABEL_REGION that readily permits identification of blob pixels according to a binary threshold condition.
The blob threshold is determined in one of two ways. A blob can be defined strictly in terms of pixels above an intensity-threshold (threshold type) or the blob can be defined in terms pixels above the half-maximum (or some other fractional maximum) of the blob's peak intensity (peak type). The threshold typing is useful for determining total blob power and areal extent, while the peak typing is useful for determining blob position and speed. Both blob types are considered in this analysis. To emphasize, the initial blob processing is carried out in the rectangular pixel coordinates of the original image array.
The positions of the pixels in the blob and the intensities of these pixels are defined in terms of a set having N members:
where each pixel n within a blob has magnetic coordinates (x n , y n ) expressed in degrees and the intensity is the normal-incident irradiance (i.e., corrected using the zenith angle cosine) expressed in photons/cm 2 ·s. For each frame, the following parameters are computed using (1):
Maximum intensity:
Total intensity:
Centroid MLT:
Centroid mlat:
Power:
Speed:
In (6), the intensities I n in photons/cm 2 ·s are converted to Rayleighs and from Rayleighs to power per area (watt/km 2 ) using factors given by Brittnacher et al.
[1997]; δA n is the area of a pixel projected onto the ellipsoidal shell at an altitude 120 km above the Earth surface. To convert from photons/cm 2 s to Rayleighs, the intensity is multiplied by (4π10 -6 /Ω), where Ω=4.17x10 -7 sr is solid angle of a pixel.
To convert from Rayleighs to power in watts (W), this result is divided by 110
Rayleighs per erg/cm 2 s or the equivalent 110/10 3 Rayleigh·km 2 /W. (The power per area P n of pixel n is given explicitly by the term in square brackets in (6).) In (7), R P is polar radius of Earth and 120 km is the assumed altitude of the auroral emission [e.g., Daniell and Strickland, 1986] , and ˆ r t is unit vector derived from the centroid MLT and mlat at time t. Only speed depends on using more than one frame's worth of data; the other attributes use data from a single frame.
The total energy in a single blob is obtained by integrating the power given by (6) over the duration of the blob:
Energy:
where a modified Simpson's Rule is used for the numerical integration over time t.
Here, P(t) is the blob power at time as a function of time. The integration extends over the duration T of the track, not over the duration of the substorm. The blob energy in (8) has the units of joules (J). Including typical uncertainties in image processing, counting statistics, instrument calibration, and model uncertainties, Germany et al. [1998] estimates a combined uncertainty of ~45% in the conversion from UVI counts to power.
In the tracking performed here, the user determines the location of the initial blob by manually placing a cursor on a digital display of the first UVI image in a sequence of images beginning at substorm onset (see Liou et al., 1997) . Using either the threshold algorithm or the peak algorithm, the program then finds the blob nearest this cursor location, performs a blob analysis, records the blob parameters in a text file, and moves to the next frame. Retaining a memory of the last blob, the program finds a blob in the new frame that is closest to the old blob 
Power and Total Energy
The power in a substorm remains one of the most fundamental objects of research in magnetospheric physics. This subsection presents one aspect of substorm power, namely, the power associated with a single blob or surge feature.
The reader should keep in mind that a substorm usually consists of multiple features, and large substorms consist of several such features. Therefore, a single blob has only a fraction (albeit, sometimes a substantial fraction) of the power within an entire substorm. Also, the power is deduced using a simple conversion factor applied to LBHL intensities. Finally, the power and energy computed here depend on blob intensities that exceed a detectability threshold, which in this case is 20 photons/cm 2 s per pixel. The investigation is limited to the blob power variation during the substorm and to the total energy in a single blob.
First consider an example of the peak pixel intensity of a single blob as a function of time (Fig. 4) . The profile represents the power in kilo-watts (kW) of the maximum pixel from the first blob tracked on 1 January 1997. This power is representative of most of the blobs tracked during that month. In The track of the blob in Fig. 4 lasted about 74 minutes, during which time the maximum LBHL power (i.e., power of the maximum pixel within the blob)
varied from ~10 kW to ~30 kW. The mean and standard deviation of this power were about 16 ± 7 kW. (The standard deviations quoted here refer to the sample mean and are meant to convey the variability of the sample rather than an absolute uncertainty, which will be larger.) The power does not show a definitive temporal pattern, although a power ''spike'' soon after onset (about 17 hours in Fig. 4 ) is characteristic of blob intensity profiles. These transients last several minutes, at least on the time scales sampled by UVI. A second power spike shortly before 18 hours also appears in Fig. 4 . Such secondary spikes may or may not occur during the course of a blob track. In this instance, the second spike occurs near the end of the blob track. About 15 minutes after this second spike, the blob has disappeared (i.e., dropped beneath LBHL detection threshold).
Figure 5 displays the total power contained within the same blob. This power was obtained using the threshold algorithm with a threshold of 20 photons/cm 2 s per pixel and integrating the area-power (eq. 6). The total blob power varied from less than 0.1 GW to over 5 GW, having a mean value of 2.1 ± 1.7 GW.
Integrating the total power over the duration of the track yields a total energy of ~10 4 GJ for this single blob.
One should contrast the variations in total power (Fig. 5 ) with the variations in peak power (Fig. 4) . The total power curve has the same general form as that of the peak power, although the total power displays larger variations. These variations are quantified in the standard deviations. The peak power in the blob varied by 41% of its mean, while the total power varied by 81% of its mean.
The energetics of the blobs followed during January 1997 are summarized in Fig. 6 , which shows an occurrence histogram of total energy within single blobs tracked from substorm onset. For each blob in the survey, the total power was integrated over the duration of the track to yield the total blob energy during the track (eq. 8). As before, the intensity threshold of 20 photons/cm 2 s was applied.
The histogram includes only blobs that were tracked for longer than 10 minutes.
Furthermore, blobs that moved or expanded beyond the imager field of view were not used. A total of 124 blobs were used to construct the histogram in Fig. 6 .
The energy histogram does not evidence a strong peak blob energy but does suggest that there are many more blobs of low energy than of high energy. The possibility of a weak peak exists near ~4x10 4 GJ, although more data are required to validate this peak. The dashed vertical line in Fig. 6 indicates a mean of the total energy of 2.0x10 4 GJ.
Several cautions must be issued about interpreting the histogram. First, the histogram represents only one month's worth of data. Second, no attempt has been made to account for possible influences of the solar wind, which is thought to be the ultimate power source for substorms. Third, the data contributing to the histogram have undergone a selective process of thresholding at a lower limit (in this case 20 photon/cm 2 sec per pixel). Finally, the larger substorms that expanded outside the field of view were not counted, so the histogram may be weighted toward low-energy blobs.
Positional Dynamics
Conventional substorm dynamics contemplates the sudden movement of an auroral brightening (i.e., a surge) in a westward and poleward direction. This picture derived largely from isolated (local) ground observations made at visible wavelengths [Akasofu, 1964] . The limitations of such observations are manifest and have been thoroughly discussed by various authors [e.g., Craven and Frank, 1991] . This section presents substorm dynamics as observed from a satellite having a nearly-global view of the aurora. The observations were made at a time resolution of ~3 minutes, which is currently the one of the fastest speeds at which near-global coverage of a substorm can be obtained.
The motion of an auroral substorm feature is generally separated into azimuthal (east and west) components and latitudinal (north and south)
components. 
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The overall two-dimensional movement of a blob reveals a more complex pattern than suggested by isolating its movement in latitude or MLT. This movement is realized using a hodogram fashioned by connecting the centroid latitude and longitudes with arrows, as shown in Fig. 9 . As deduced from the latitude and MLT profiles, the sample blob does generally move northeastward.
However, the blob staggers back and forth in a manner not unlike that of the drunk who walks randomly in statistics text-books. The blob also seems to "concentrate''
at two locations during its motion. At the northeasterly concentration, the blob actually appears to execute a loop or ''whorl.'' Such unsteady progress and looping are often observed for the blob tracks of January 1997. However, a sizable minority moved in the opposite direction, which can account for the contrary observations of eastward-traveling surges made by DE and Viking imagers.
The corresponding histogram for the mean blob speeds is shown in Fig. 13 .
Mean speeds were determined for 115 blobs over their lifetime from substorm onset.
Perhaps surprisingly, the blobs seem to have a preferred speed of about 1 km/s.
21
The distribution also evidences a tendency for blobs to move at speeds no faster Murphree et al., 1993; Liou et al., 1999] . The present approach can amplify these investigations with statistics available from large numbers of blobs.
The present analysis has quantified only a few aspects of the dynamics of single blobs within a substorm. These aspects of maximum and total power, longitudinal and latitudinal position, and speed were chosen because of their relevance to current substorm research and because of the particular wavebands of POLAR UVI. As the reader realizes, one could readily extend this quantification to other aspects such as total area, orientation, magnetic local time boundaries, magnetic latitude boundaries, and even shape. These topics were omitted here for simplicity and to prevent the paper from becoming unwieldy. Efforts are underway to develop quantification schemes for multiple blobs within a substorm. The 24 quantification of single-blob dynamics represents a first, simple step in the development of acquire-and-track investigation of substorms.
Figure Captions The square at the initial data point indicates a new track was initiated. The mean of the peak power from a pixel was 16 7 MW. Fig. 5 . The power (integrated intensity-area) of the blob tracked in Fig. 3 . In this instance, the threshold track method was used, and the ordinate represents the total integrated power within the blob. The plot shows the same time period and number of frames as in Fig. 3 , and the symbols have the same meanings. Over the 74 minute lifetime of the blob, its mean power was 2.1 1.7 GW, while its total energy was ~10 4 GJ. The blob generally moves in a northeasterly direction, although its progress is obviously not steady. In some cases, the centroid of the blob apparently executes a loop before proceeding. 
